Introduction
Obesity and associated metabolic complications are a serious public health problem. The incidence of obesity and diabetes has been increasing at epidemic rates for several decades, and may still be increasing [1] . According to NHANES, in 2012 approximately 36% of Americans were obese [2] . Obesity often precedes and accelerates the development of diabetes, hypertension, CVD, metabolic syndrome, and dyslipidemia [3] . Obesity is primarily caused by excessive energy intake resulting in excess fat accumulation in adipose tissue, where it intended to be stored, and in other tissues in an inappropriate fashion, such as liver and muscle. Increased fat deposition in tissues can result in loss of function and dysregulation of energy utilization of those tissues [4] .
Attempts to find a cure for obesity, diabetes, and associated metabolic conditions have been studied for decades; however very little progress, aside from prescribing dietary and lifestyle changes, has been made [1, 5, 6] .
Some diet-based advances have been made in reducing some of the risk factors of obesity-related diseases. Some research has recently focused on the potential of certain phytochemicals found in fruits and vegetables to promote anti-obesity effects and disease prevention [7] . The aim of the present study is to investigate the potential of raspberry products and selected raspberry phytochemicals to ameliorate the development of obesity and related metabolic complications induced by the consumption of a high-energy, high-fat diet in a rodent model. The mouse model used herein is the high-fat (HF)-fed C57BL/6J mouse [8] . When presented with an energydense Western-style diet, this strain overconsumes, becomes obese and develops other metabolic complications including loss of normal glucose control and fatty liver.
Many of the most important modern commercial red raspberry cultivars derive from hybrids between R. idaeus and R. strigosus. Red raspberries possess unusually good nutritional value: For example, one serving (∼100 g wet weight) provides more dietary fiber than almost any other whole food and are also a rich source of vitamin C, and manganese and dietary fiber [9] . Like most berries, raspberries are a low-glycemic index food.
Beyond the essential nutrients, raspberries are also rich in phytochemicals, containing ellagic acid (EA) (from ellagitannins), quercetin, gallic acid, cyanidins, pelargonidins, catechins, kaempferol and salicylic acid [10, 11] .
Both yellow and red raspberries contain carotenoids, mostly lutein esters, but these are masked by anthocyanins in the red fruits [12] . A set of existing research data suggests a tie between the phytochemical content of raspberries and antioxidant and antiproliferative (chemo-preventive) effects in cell and rodent studies [13] [14] [15] [16] . Other results show an anti-inflammatory effect of raspberry extracts and/or EA in a variety of models [17] [18] [19] [20] . There are at least two reports of an effect on vasorelaxation and blood pressure [10, 21] . The body of research from human studies is growing and suggests a role for red raspberries in reducing the risk of metabolic disease [22] . Although a growing collection of research studies are highlighted above, compared to other pigmented fruits and vegetables, raspberries have been less studied.
The present study utilizes raspberry concentrates produced from a whole raspberry puree and raspberry juice, a dried whole raspberry powder, and an extract produced from raspberry seeds. Further, two pure compounds present in raspberry were tested: Ellagic acid (EA) and raspberry ketone (RK) (4-(4-Hydroxyphenyl)butan-2-one). Although EA is not singularly unique to raspberry, it is quite abundant in raspberries; in fact, raspberries are one of a small number of fruits that contain the very highest concentrations of EA [23, 24] . Ellagic acid appears to be emerging as a phytonutrient that may provide health benefits. For example, recent studies show that the level of EA in fruit extracts produces beneficial effects on metabolic disease symptoms in mice and alters the metabolism of human adipocytes [25, 26] . In the GI tract, EA is converted into a family of compounds calls the urolithins [27] [28] [29] . It has been suggested it is the urolithins that mediate the health benefits produced by consumption of ellagitannins and EA [30, 31] . On the other hand, raspberry ketone, the aromatic compound that is the hallmark aroma of raspberry, has been minimally-studied in terms of metabolic disease. Although RK is promoted as a dietary supplement, as a product to help promote or maintain weight loss, there are few studies that document a clear effect [32, 33] . More recently, publications investigating aspects of raspberry ketone have evaluated bone cell differentiation [34] ; fatty liver [35] ; and gene expression changes [36] . The efficacy of RK is not known with certainty at this time. More information regarding RK is needed, both in terms of efficacy and safety of use as a dietary supplement. Although there are many other important phytochemicals contained in raspberries that may improve metabolism (quercetin, catechins, and anthocyanins, to name three), the scope of this project was focused on raspberry food products and phytochemicals either abundant or unique to raspberries.
Material and methods

Mouse diet studies
Seventy-six 6-week old male C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and randomly divided into nine experimental groups: Low-fat control group (LF) (10% calories from fat), High-fat control group (HF) (45% calories from fat) and seven "High-fat treatment" groups (HF+X): High-fat plus raspberry juice concentrate (HF+RJC), raspberry puree concentrate (HF+RPC), raspberry fruit powder (HF+RFP), raspberry seed extract (HF+RSE), EA (HF+EA), raspberry ketone (HF+RK), and a combination of equal parts EA and raspberry ketone (HF+E+R). All groups were n = 8 except for HF, which was n = 12. Raspberry food products and extracts were obtained from Milne Fruit Products (Prosser, WA) and EA and RK from Sigma-Aldrich (St. Louis, MO). The composition of the diets are shown in Table 1 . Experimental diets were prepared by Research Diets Inc. (New Brunswick, NJ, USA). Energy-containing raspberry foods (juice and puree concentrates and whole fruit powder) were provided as 10% of total energy, while purified phytochemicals were provided at 0.2% (w/w). In the case of HF+E+R, EA and RK were each provided at 0.2% (w/w) to provide a total supplement of 0.4% (w/w). The dietary concentration of these phytochemicals was set based on prior work feeding phytochemicals to this mouse strain [37] and is a level consistent with human intake of phytochemicalbased dietary supplements. Diets were balanced for total macronutrient content and simple sugar content and are modeled after a typical Western-style diet containing energy at ∼45% fat, ∼35% carbohydrate, and ∼20% protein (all % by total calories). All high fat diets also contained added cholesterol and sucrose. Mice were housed four to a cage under standard conditions of regulated temperature (22 ± 2 • C), controlled climate, a 12-hour light/dark cycle, and access to water and food ad libitum. Animals were acclimated for two weeks with a standard chow diet (Purina 5001) and then randomly divided into their respective treatment groups and fed their experimental diets for 10 weeks. Body weights, food intake, and food spillage were measured weekly as a total amount consumed for each dietary group per week. At the end of the study, food was withheld from mice for six hours prior to anesthetization via inhalation of 5% isofluorane. Blood was collected by cardiac puncture and glucose level was measured with a handheld glucose meter. Plasma samples were collected after centrifuging at 2000 RPM with an Eppendorf 5417 R microfuge for 15 minutes at 4 • C, then stored at -80 • C until needed. Liver tissue was collected, weighed, and flash-frozen in liquid nitrogen within 1-2 minutes of killing. The animal protocol was reviewed and approved by the Institutional Animal Care and Use Committee at Oregon State University (ACUP #4455).
Intraperitoneal glucose tolerance test
In week nine of the study, a glucose tolerance test was performed following standard protocols [38, 39] . Glucose levels were measured using a ReliOn ® Ultima Blood Glucose Monitoring System (ReliOn ® Ultima, Abbott, Alameda, CA). Prior to initial baseline glucose measurement, food was withheld from mice for six hours. Mice were anesthetized using isofluorane inhalation at 5% concentration, a tail cut was made under anesthesia from which a sample of blood was collected and an initial baseline glucose measurement was taken. Following the initial baseline glucose measurement at time zero, 10 L of 15% glucose in 0.9% saline solution per g body weight was injected into the abdomen of the mouse. Mice were then allowed to recover from anesthesia and glucose levels were subsequently measured at 30-minute intervals over a 2-hour period of time while awake. 
Histological analyses
Liver tissue was fixed in buffered formalin and paraffin embedded, and three to four 5 m thick sections were transferred to numbered slides. Slides were then stained with Masson's trichrome stains. Images were acquired using a Nikon Eclipse E400 microscope (Nikon Co., Tokyo, Japan) equipped with an extended digital camera (Q imaging, Surrey, BC, Canada). Lipid droplet percentage (the ratio of white color area pixel to the total area pixel) was obtained with Adobe Photoshop 7.0, generally as described by Kassan et al. [40] .
Statistical analysis
Data are presented as means ± SEM. ANOVA was used to compare sets of data and Tukey's post-hoc procedure was used for the post hoc testing. Significance was established at a level of p < 0.05 and a trend to significance is defined as a p value between 0.05 and 0.10. Statistical analyses were carried out using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA).
Results
As expected, intake of the high-fat, high-sucrose diet impacted body weight, weight change, and food efficiency. Over the ten week feeding period, weight gain (Fig. 1C) was significantly higher for HF-vs. LF-fed mice: 18 ± 2.3 g (HF-fed) vs 7 ± 1.0 g (LF-fed). Addition of RJC, RPC, and the combination of EA+RK to the HF diet significantly reduced weight gain observed in the HF-fed mice (P < 0.05) and for the case of HF+RJC, reduced weight gain to a level that was statistically equivalent to the weight gain of the LF-fed mice (P < 0.05). These changes in body weights for the HF-fed groups were observed despite the fact that all HF-fed groups consumed equivalent amounts of energy. All HF-fed groups consumed more energy than LF-fed mice throughout the study (P < 0.05; data not shown).
Food efficiency values (Fig. 1A) generally paralleled the weight change values, with LF-fed mice having a lower food efficiency compared to HF-fed mice. The HF+RJC-, HF+RPC-, and HF+EA+RK-fed mice had food efficiencies significantly lower than HF-fed mice and statistically equivalent to LF-fed mice (all P < 0.05).
For the glucose tolerance test, at 30 minutes all blood glucose levels reached a maximum and then generally declined for 90 more minutes, approaching basal levels (not shown). Plasma levels of fasting glucose were not significantly changed by diet ( Fig. 2A) . Relative levels of glucose sensitivity is shown as incremental area under the curve (AUC) during a two hour glucose tolerance test (Fig. 2B) . Statistical tests did not show any differences in baseline glucose or AUC values.
A serum marker of insulin insensitivity, resistin [41] , was measured. Consumption of HF+RJC and HF+RPC diets decreased serum resistin levels compared to HF-fed mice which trended to significance (0.05 < P<0.10, Fig. 3A) . We examined the effect of raspberry intake on two serum markers of inflammation, TNF-a, and MCP-1. No significant effect (P < 0.10) was observed (data not shown).
Ratios of kidney, liver, and intraperitoneal adipose weights to total body weight are shown in Table 2 . The HF-fed mice had significantly decreased kidney/body weight ratio compared to LF diet (P < 0.05). Mice fed HF+RPC had a ratio statistically equivalent to the LF-fed mice. HF diet increased both the liver and adipose to Table 2 Kidney, liver and adipose weight/body weight ratios 1 
Diet
Kidney body weight ratios compared to LF-fed mice (P < 0.05). Mice fed HF+RJC had reduced liver to body weight ratio compared to HF-fed mice (P < 0.05). None of the HF-fed groups had statistically different adipose to body weight ratios, although mice fed HF+RJC had a ratio of intermediate value between HF and LF that was reduced to a degree from HF such that the value was statistically indistinguishable from both LF and HF groups (P < 0.05). Liver tissues were fixed at necropsy with formalin and stained to allow microscopic examination of tissues from all groups. Qualitative evaluation of tissue sections showed differences in vesicular lipid accumulation with most hepatocytes from HF-fed mice displaying micro-and macro-vesicular intracellular lipid accumulation. Quantitatively, mice fed HF+EA had the greatest amount of intracellular lipid accumulation which was significantly reduced in groups fed LF and HF+RK diets (P < 0.05, Fig. 4B ).
Discussion
The intake of raspberry whole food products and the phytochemicals, EA and RK as an addition to an obesigenic high-fat, high-calorie Western-style diet supplemented with sucrose and cholesterol ameliorated some factors associated with the development of obesity during the study. The addition of RJC, RPC, and the combination of EA+RK to HF diets resulted in weight gains that were statistically equivalent to LF-fed mice, despite the consumption of a significantly different macronutrient profile (Fig. 1, Table 1 ). Generally speaking, food efficiencies paralleled these weight gain results, indicating the reduction in weight gain in HF with supplements was perhaps more likely due to enhanced energy utilization, rather than amount of energy consumed, as all HF-fed groups had similar food intake values. There were some differences in the ratio of kidney, liver, and adipose compared to final body weight. These differences illustrate the difference between the kidney, which does not accumulate significant fat, vs. liver and adipose which increase in weight due to accumulation of significant intracellular triglycerides.
The test groups showing reductions in weight gain while consuming a HF-containing diet (RJC, RPC, and EA+RK) did not show any significant difference in baseline glucose measurements or AUC measurements made during a glucose tolerance test (Fig. 2) . However, despite the fact that glucose measurements showed no significant differences, other data suggest that glucose sensitivity may have been improved in some groups. For example, compared to HF-fed mice, mice fed HF+RJC or RPC showed a statistical trend toward decreased serum resistin concentrations (Fig. 3A) , a marker of glucose insensitivity that generally correlates with the advancement of diabetes [41] . Although not statistically different (ANOVA P = 0.14), a pattern suggests hyperinsulinemia is occurring in HF-fed mice that may be remediated by supplement of raspberry food and supplement ingredient (Fig. 3B) . A follow-up study, using a larger number of mice per group may help clarify if resistin and insulin levels are indeed affected by these test diets. Similarly, hepatic lipid levels were different in some groups (Fig. 4) . A direct measurement of hepatic triglycerides by enzymatic assay might provide a more definitive analysis compared to our use of densitometry of microscopic images, further, as these data were obtained at only N = 4 per groups, it is conceivable analysis with greater N would show more significant differences. Interestingly, we found HF+RK-fed mice to have a relatively low level of intrahepatic fat which is consistent with the findings of Wang et al., 2012 [35] .
All of the changes shown occurred at levels of supplementation that are considered dietary rather than pharmacologic doses. For calorie-containing whole food ingredients, raspberry products were provided at 10% of total dietary energy, the equivalent of a human consuming 200 Calories in a 2000 Calorie daily diet. Using the FDA-suggested scaling for inter-species evaluation of drugs and xenobiotics [42] , our level of supplementation for the HF+EA or HF+RK diets are equivalent to approximately 900 mg/day of a dietary supplement of those compounds. As they are commonly sold as 500 mg tablets, we consider this dose to be well within the range that we might expect to see humans consume.
It is entirely possible that metabolic effects of consumption of these test diets were produced by more than a single mechanism. In the past, we have suggested that polyphenolic phytochemicals may be acting via transactivation or antagonism selected nuclear hormone receptors in the liver and other tissues [43, 44] It is evident that raspberry phytonutrients and/or their subsequent colonic metabolites are absorbed into the blood stream, and may thus have effects on major metabolic target tissues such as liver and muscle. Recent gene expression studies [25, 26] , and metabolomic evaluations data support this presumption. For example, a metabolic evaluation of liver tissue shows accumulation of raspberry-related metabolites including methyl glucopyranoside and S-methylmethionine only when whole raspberry products were provided to mice fed a HF diet [45] . Other evidence suggests alterations in fermentation of the colonic microbiota are involved [46] . Others have shown another role for the microbiome, including the conversion of ellagic acid into urolithins [28, 47, 48] .
The present data indicate that the intake of a reasonable level of some raspberry food products or raspberry phytochemicals influences some of the metabolic consequences of consumption of a high-fat, high-calorie Western-style diet, most notably the development of obesity. It is hoped that findings from this study may perhaps help guide the design of future clinical trials, which may then be translated into sound guidance to allow people to better select healthy foods and/or more effective dietary supplements.
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